groups, although the difference in NDF at reproductive stage was attributed to the difference in maturity. At
N eutral detergent fiber is a measure of cell wall serve as preexisting structural defenses against microorconcentration for forages (Goering and Van Soest, ganisms which are incapable of producing the appro-1970). It is also an indicator of intake potential of feed priate degradative enzymes (Ride, 1983) . Therefore, it is for ruminant animals. When forage alone is fed to sheep conceivable that genetic modification of NDF, of which or cattle, NDF is negatively correlated with dry matter lignin is a part, could change the reaction of plants to intake (Osbourn et al., 1974; Reid et al., 1988) . When pathogens. Water soluble carbohydrates (WSC) make forage is fed together with concentrates, NDF is negaup the largest share of noncell-wall carbohydrates. tively correlated with dry matter intake if the rumen Breese and Davies (1970) reported that successful divercapacity of the animal is not reached (Conrad et al., gent selection for WSC in perennial ryegrass (Lolium 1964; Mertens, 1987; Ruiz et al., 1995) . Thus, it is desirperenne L.) for three generations resulted in higher susable to reduce NDF of forages. ceptibility to crown rust infection (caused by Puccinia Genetic modification of NDF in forages has been coronata Corda) for the families with high WSC. Webb reported. In reed canarygrass (Phalaris arundinacea L.), et al. (1996) reported that plants selected for low ADL one cycle of bidirectional selection for NDF and forage in alfalfa (Medicago sativa L.) showed greater susceptiyield created the following groups: low NDF-low yield, bility to alfalfa rust (caused by Uromyces striatus J. low NDF-high yield, mean NDF-mean yield, high Schrö t.) and spring blackstem (caused by Phoma med-NDF-low yield, and high NDF-high yield (Surprenant icaginis Malbr. & Roum. in Roum.) in the field than et al., 1988) . At both reproductive and vegetative stages, those selected for high ADL, although a further experithe two low-NDF groups, on average, had lower NDF ment in the greenhouse found little or no relationship and acid detergent fiber (ADF) than the two high-NDF between ADL and the reaction of alfalfa to the rust pathogen. It was our concern that selection for low NDF (Casler, 1992) . Three cycles of uniparental wheatgrass [Thinopyrum intermedium (Host) Barkmass selection were completed in the selection for low NDF. worth and D.R. Dewey], strains resistant to foliar disOne cycle of biparental mass selection was completed in the eases had lower NDF than those susceptible when disselection for high NDF. In each cycle, 400 to 420 plants were eases were present (Karn et al., 1989) . In orchardgrass planted at 1.0-m spacing for the population, and 350 of them (Dactylis glomerata L.), three cycles of selection for were sampled for forage at fully headed growth stage in the resistance to purple leaf spot (caused by Stagonospora spring and analyzed for NDF by the wet-lab procedure of arenaria Sacc.) did not change NDF, even though the Robertson and Van Soest (1981) . The plants that were not sampled were either heavily diseased or ignored arbitrarily.
third cycle was later in maturity than the original cycle
The diseases in the field were mostly brown leafspot caused (Oberheim et al., 1987) . In alfalfa, the cultivar Saranac, by Pyrenophora bromi (Died.) Drechs. Five to 10 tillers were which was susceptible to anthracnose (caused by Collettaken from each plant and were bulked to represent the plant.
otrichum trifolii Bain), and the cultivar Saranac AR,
In the selection for low NDF, 35 plants were selected in each which was selected from Saranac for resistance to ancycle on the basis of t-score of the grid system (Casler, 1992). thracnose, were compared for NDF in the greenhouse Equal weight of seeds from each selected plant was bulked with and without inoculation with Colletotrichum trifolii to plant the next cycle and used for the evaluation of selection (Lenssen et al., 1991) . Saranac AR was lower than or responses. In the selection for high NDF, 10 plants were sesimilar to Saranac in NDF in stems or leaves. In addition, lected on the basis of t-score; and the selected plants were the difference between the two cultivars was not consistransplanted to a polycross block in three replications. Equal weight of seeds from each plant in the polycross block was tent in the two treatments or in different plant tissues.
bulked for the evaluation. We will designate the base popula-
The relationship between cell wall traits and disease tion as C0, the first, second, and third cycle from the selection reaction goes beyond genetic correlations. Forage plants for low NDF as C-1, C-2, and C-3, respectively, and the cycle with leaf diseases could have different NDF, ADL, and from the selection for high NDF as Cϩ1. The cycles C0, C-1, yield than healthy plants of the same genotypes. In a C-2, and C-3 were evaluated previously for NDF in a methodgreenhouse study on intermediate wheatgrass, plants ology study by Casler (1999 Berg, 1991) . In a field study on alfalfa, crude fiber of dolls]); and Agrecol Corp., Sun Prairie, WI (Houghton muck fungicide-protected plots was similar to that of unpro- [Euic, mesic Typic Medisaprists] ). A split-plot design was used tected plots while dry matter yield of fungicide-protected at each location with disease potential (high or low) as the plots was higher than or similar to that of unprotected whole plot factor and selection cycle as the subplot factor. The plots depending on which fungicide was used (Summers whole plot factor was arranged in four randomized complete and McClellan, 1975) . In a field study on pearl millet blocks at each location, but some plots were lost because of flooding at Sun Prairie, resulting in incomplete data at that [Pennisetum americanum (L.) and Van Soest, 1981) . To improve the precision of ADL, all samples were analyzed for ADF and ADL again on 0.5-g Yield data were collected in June, August, and October of 1995 and 1996. Forages were harvested by subplot with a samples in duplicate, skipping the NDF step. Acid detergent fiber determined without the NDF step was, on average, 12 g small-plot harvester, and fresh forage yield was measured for each subplot. The plots at Sun Prairie were not harvested at kg Ϫ1 DM higher than ADF determined with the NDF step. However, the correlation coefficients between the four ADF the third harvest in 1996 due to inadvertent plot damage. One or two handfuls of forage were taken from the harvester for determinations were all very high, in the range of 0.97 to 0.99. On the other hand, acid detergent lignin determined without each subplot and air-dried at 55ЊC to provide the dry matter percentage of the fresh forage. Dry matter yield for each the NDF step was, on average, 5.6 g kg Ϫ1 DM higher than ADL determined with the NDF step, but the correlation coefficients subplot was calculated from the fresh forage yield and the dry matter percentage of the sample from the harvester, and then between the four ADL determinations were relatively low, in the range of 0.35 to 0.51, suggesting the need for multiple divided by the number of live plants in the subplot to convert to dry matter yield per plant for a subplot. Plants were fertilmeasurements. The averages of all determinations for each trait were used to develop the prediction equations for NDF, ized at the rate of 56 kg N ha Ϫ1 in the spring and after spring and summer harvests. Weeds were controlled by a combina-ADF, and ADL by the NIRS software of Infrasoft International (1995). The R 2 for the prediction equations were 0.99, tion of hand weeding and application of 1.12 kg a.i.
0.99, and 0.73 for NDF, ADF, and ADL, respectively. The standard errors of cross-validation for NDF, ADF, and ADL acetamide] and 0.56 kg a.i. bromoxynil [3,5-dibromo-4-hydroxybenzonitrile] in the spring.
were 6.51, 3.94, and 2.03 g kg Ϫ1 DM, respectively. Neutral detergent fiber, ADF, and ADL of all samples were predicted Disease severity was assessed for the second and third harvests in 1995 and all three harvests in 1996. One to two weeks by the prediction equations. Hemicellulose and cellulose were calculated as NDF Ϫ ADF and ADF Ϫ ADL, respectively. before harvesting forage for yield, each plant was scored visually for the percentage of the foliage diseased on the scale of Further, hemicellulose, cellulose, and lignin were divided by NDF to give cell wall hemicellulose (CW-hemicellulose), cell 0 to 10: 0 ϭ less than 1% of all leaf tissues diseased, 1 ϭ 1 to 10%, 2 ϭ 11 to 20%, 3 ϭ 21 to 30%, 4 ϭ 31 to 40%, 5 ϭ wall cellulose (CW-cellulose), and cell wall lignin (CW-lignin), respectively. Morrison (1980) reported that the Van Soest 41 to 50%, 6 ϭ 51 to 60%, 7 ϭ 61 to 70%, 8 ϭ 71 to 80%, 9 ϭ 81 to 90%, and 10 ϭ 91 to 100%. The average of all detergent system underestimates the hemicellulose and overestimates the cellulose. For this reason, CW-hemicellulose and plants in a subplot was used to represent the disease severity of that subplot. Further, the average disease severity of a CW-cellulose were used only for the comparison of samples. Such a comparison is valid under the assumption that the bias subplot was transformed to a 0 to 2 log scale for statistical analysis by the formula y ϭ log 10 (10xϩ1) to correct for unequal of the estimates on hemicellulose and cellulose is consistent across all samples in a block, which is likely to be true for variances on the original scale, where x is a value on the original scale and y is the transformed value on the log scale.
comparisons made within one species at a single stage of maturity. No attempt was made to distinguish different diseases in disease assessment, although three diseases were predominant: leaf blight caused by C. sativus, brown leafspot caused by P.
Statistical Analyses
bromi, and rust caused by Puccinia coronata Corda (Delgado, The experiment was a split-plot design replicated across 1998). Plants of all selection cycles at both disease potentials three locations. For dry matter yield and all cell wall traits, at all three locations survived well throughout the experiment, each subplot had repeated measurements at three harvests in thus no survival data were taken. each of two consecutive years. Each of these traits was fitted Frequency of heading prior to harvest was scored as 0 to to the following linear model: 2 according to the number of tillers with fully emerged panicles: if none, score ϭ 0; if 1 to 5, score ϭ 1; if more than 5,
The scores of all plants for a subplot were averaged
to give a variable, which we call heading index. It was taken for the second and third harvests in 1995 and all three harvests
in 1996. Heading index was a measure of the number of
emerged heads at the time of assessment for a subplot, combining variation in relative maturity with variation in number of
A forage sample was taken for each subplot by bulking one where Y ijklmn is the response variable; m is the intercept, L i is to two tillers from each plant in the subplot. For the spring the effect of location, B ij is the effect of block nested within harvest, this was done when most plants were at fully headed location, d k is the effect of disease potential, c l is the effect of growth stage. For the summer and fall harvests, it was done cycle, y m is the effect of year, h n is the effect of harvest (spring, when at least 20% of the plants were heading. The samples summer, or fall); W ijk is the whole-plot error, E ijkl is the subplot were air-dried at 55ЊC, ground through a 1-mm screen in a error, R ijklmn is the error for repeated measurements within Wiley-type mill, and reground through a 1-mm screen in a subplots; and the rest are interaction effects between factors cyclone mill. All 600 samples were scanned by a NIRS (nearfor which the main effects have been previously defined. Upinfrared reflectance spectroscopy) monochromator (Model percase and lowercase letters represent random and fixed 6500, NIRSystems/Perstorp Corp., Silver Spring, MD). A calieffects, respectively. Interactions of fixed and random effects bration set of 103 samples was selected by means of the NIRS were treated as random. The residual maximum likelihood software for the monochromator (Infrasoft International, method was employed to fit the model for all traits by PROC MIXED of SAS (SAS Institute Inc., 1997). All interactions 1995). Neutral detergent fiber, ADF, and ADL of the calibra-of fixed effects were included in the model. Some interactions the expected genotypic mean of each cycle; (v) divide the expected genotypic mean of each cycle by 2 A / P to cancel involving random effects were excluded from the model because they had little or no effect on residual log likelihood.
2
A / P from all terms; (vi) multiply the expected genotypic mean of each cycle by a common constant so that cycle C-3 has Several covariance structures for R ijklmn were entertained before the variance components structure was chosen on the a value of -3. The assumption underlying the above derivation implied that the response to the recurrent selection was linear. basis of convergence and model fitting criteria.
For disease severity and heading index, there were no mea-A linear contrast was constructed from these cycle numbers to test the linear response to the recurrent selection. The surements for the spring of 1995. Thus, repeated measurements for each subplot did not have a balanced combination contrast coefficients were the cycle numbers subtracted by their average. of harvests and years. To avoid an unbalanced model, repeated measurements in the two harvests in 1995 and the three harInbreeding coefficients were calculated for all cycles assumvests in 1996 were treated as levels of one factor termed ing that the inheritance was disomic, that every plant in a assessment, instead of as combinations of years and harvests.
population had the same chance to be pollinated by any plant The linear model is in the population, and that the plants of C0 had an inbreeding coefficient of zero and were unrelated to each other (Han and Casler, 1999) . The inbreeding coefficients calculated under the assumptions are (from C-3 to Cϩ1): 0.0107, 0.0061, 0.0015,
0.0000, 0.0500. The pattern of inheritance in smooth brome-
grass can be disomic or tetrasomic (Armstrong, 1981) . If the inheritance were tetrasomic, we suspect that the inbreeding subtracting their average from each of them. This contrast R ijklm is the error for repeated measurements at different assesstests whether cycles are linear for a trait with respect to their ments; and the rest are interaction effects. Model fitting apinbreeding coefficients. proach was similar to that for Model [1] .
For the calculation of genetic gain per cycle averaged over all cycles (C-3 to Cϩ1), we assigned Cϩ1 a cycle number 2.6
RESULTS AND DISCUSSION
(rounded up from 2.595) to account for the fact that Cϩ1 was
Differences between the Two Disease Potentials
selected by a higher selection intensity than C-1, C-2, and C-3 and was selected by biparental mass selection instead of
The differences between the high and low disease uniparental mass selection. Thus the cycle numbers for C-3 potentials in NDF, ADF, ADL, CW-hemicellulose, to Cϩ1 were -3, -2, -1, 0, and 2.6, as if Cϩ1 had been selected CW-cellulose, and CW-lignin depended on harvests by the scheme that was used in selection for low NDF. These and/or year and harvest combinations, as suggested by cycle numbers were derived under the assumption of randommating equilibrium at each cycle and constant phenotypic and the significant (P Ͻ 0.05) potential ϫ harvest interac- (Table 1) . Similarly, the differences between the high intensity (i ) from the proportion of plants selected for each and low disease potentials in disease severity and headcycle (Burrows, 1972) ; (ii) compute the expected genetic gain ing index depended on year and harvest combinations, (⌬g) over the previous cycle for cycles C-1, C-2, and C-3 using or assessments, as suggested by the significant (P Ͻ formula ⌬g ϭ (1⁄ 2) i 2 A / P , or for cycle Cϩ1, using ⌬g ϭ i 2 A / 0.05) potential ϫ assessment interactions (Table 2) . P (note that these formulas are the same for both diploid Of the five assessments for disease severity, only the [Empig et al., 1981] and autotetraploid [Rowe and Hill, 1984] ); fall of 1995 and the fall of 1996 differed (P Ͻ 0.05) (iii) set the genotypic mean of C0 at an arbitrary value, say 0; (iv) add cumulatively the expected genetic gains to obtain in disease severity between the high and low disease differences of a similar scale between the two disease potentials in heading index in the spring of 1996 and * P Յ 0.05; **P Յ 0.01; ***P Յ 0.001. † The experiment was conducted at three Wisconsin locations with four the summer of 1996 were not associated with differences replicates at each location. Data were collected for five assessments (two in NDF, ADL, or CW-lignin (Table 3) .
harvests in 1995 and three harvests in 1996).
There are two possible explanations for the result that high disease severity was associated with high ADL and high CW-lignin. First, our measurements of acid potentials (Table 3) . In both cases, the high disease detergent lignin and CW-lignin included chitin from potential was higher than the low disease potential in fungal cell walls, and there was a larger amount of pathodisease severity. For the fall of 1995, the high vs. low genic fungi in the plants at the higher disease severity. disease potential was 1.50 vs. 1.20 (P Ͻ 0.001) in disease Second, the diseased tissues had additional lignification severity on the log scale. For the fall of 1996, 1.34 vs.
in the cell walls. This implies that lignification was in-1.18 (P Ͻ 0.01).
volved in plant response to the disease, but not necessarNotably, the differences between the two disease poily in plant resistance response to the disease. The result tentials for different year and harvest combinations in on NDF disagrees with Summers and McClellan (1975) , NDF, ADL, and CW-lignin paralleled those in disease who found that fungicide-protected alfalfa plots were severity (Table 3) , i.e., for year and harvest combinasimilar to unprotected plots for crude fiber. The associations for which we observed a significant difference in disease severity between the high and low disease potention between high disease severity and high NDF, ADL, and CW-lignin suggests that diseases could reduce forThe linear response in NDF to selection for NDF was age nutritional quality. more noticeable in the spring than in the summer or None of the significant differences in disease severity the fall (Fig. 1 A) , even though the linear response in between the two disease potentials was associated with NDF was significant for all three seasons (Table 4) . In a significant difference in dry matter yield (Table 3) .
the spring, C-3 was 3.3% lower than C0 (580.3 vs. 600.0 g This result partially agrees with Summers and McClellan kg Ϫ1 DM, P Ͻ 0.001), and Cϩ1 was 2.3% higher than (1975), who found that plots protected by one fungicide C0 (613.8 vs. 600.0 g kg Ϫ1 DM, P Ͻ 0.001). The larger yielded more than the unprotected plots while plots linear response in the spring could be due to three reaprotected by another two fungicides were similar in sons: (i) the selection for NDF was based on forage yield to the unprotected plots. The result disagrees with samples in the spring, thus response in the spring was Wilson et al. (1991) , who found in pearl millet that a direct response while response in the summer or the fungicide-protected plants had higher dry matter yield fall was a correlated response; (ii) genetic correlation if the cultivars were susceptible to the diseases.
between NDF of the spring harvest and NDF of the The interaction between disease potential and selecsummer or fall harvest was less than 1; or (iii) there tion cycle was not significant for any trait measured, might be more measurable genetic variation in NDF in indicating that the relative differences among cycles in the spring than in the summer or the fall. these traits were not affected by disease potentials, i.e., Previously, Surprenant et al. (1988) in reed cathe responses in these traits to divergent selection for narygrass and Carpenter and Casler (1990) in smooth NDF were not affected by disease severities.
bromegrass reported the success of divergent selection for NDF; however, both studies went through only one
Direct Response to Selection for NDF
cycle of selection in the low-NDF direction. Casler Selection for NDF was effective in both high-and (1999) reported that five out of six methods reduced low-NDF directions, as indicated by the overall linear NDF in smooth bromegrass. Uniparental mass selection response to selection (P Ͻ 0.001), the linear response for low NDF at heading stage, with NDF determined in the low-NDF direction (P Ͻ 0.001), and the difference by wet-laboratory method, was the selection method (P Ͻ 0.001) between the high-NDF cycle (Cϩ1) and which did not produce a significant response in that the base population (C0) ( Table 4 ). Averaged over the study. The low-NDF selection cycles developed by this two disease potentials and all harvests in 2 yr, the third selection method were evaluated in this study with many cycle from selection for low NDF (C-3) was 1.9% lower more replications, therefore much greater power. We than the base population C0 (525.3 vs. 535.5 g kg Ϫ1 DM, demonstrated that this method was also successful in P Ͻ 0.001), and the first cycle from the selection for reducing NDF. Thus, animal intake potential of forages high NDF (Cϩ1) was 2.1% higher than the base populacan be improved through a number of recurrent selection C0 (546.6 vs. 535.5 g kg Ϫ1 DM, P Ͻ 0.001). Even tion methods (Casler, 1999) . though cycle ϫ year interaction was significant (P ϭ 0.044), the relative NDF levels of cycles were fairly
Correlated Responses in Other Cell Wall Traits
consistent over the 2 yr. Cycle ϫ harvest interaction,
The correlated response in ADF to selection for NDF however, was statistically significant (P Ͻ 0.001) as well as large in magnitude.
almost mirrored the response in NDF (Table 4 ; Fig. 1 A, * P Յ 0.05; **P Յ 0.01; ***P Յ 0.001. † Results were from an evaluation of smooth bromegrass cycles from divergent selection for NDF at two disease potentials (high vs. low). The experiment was conducted at three Wisconsin locations with four replicates at each location. Data were collected for two years (1995 and 1996) and three harvests (spring, summer and fall) each year. ‡ All cycles and low-NDF direction: response is measured as the linear regression of cycle mean on cycle number (Ϫ3, Ϫ2, Ϫ1, 0, 2.6). The high-NDF cycle (Cϩ1) is given a cycle number 2.6 so that it has the same amount of expected genetic gain per cycle as the low-NDF cycles. High-NDF direction: response is measured as the mean of Cϩ1 minus the mean of base population C0. § The inbreeding coefficient is assumed to be 0 for the base population C0, and estimated to be 0.0107, 0.0061, 0.0015, and 0.0500 for cycles CϪ3, CϪ2, CϪ1, and Cϩ1, respectively. significant for the summer or the fall harvests, possibly B). On average, C-3 was 3.4% lower than C0 in ADF because selection for NDF was based on forage samples (272.2 vs. 281.9 g kg Ϫ1 DM, P Ͻ 0.001) and Cϩ1 was in the spring. 2.4% higher than C0 in ADF (288.7 vs. 281.9 g kg Ϫ1
The correlated response in CW-hemicellulose was in DM, P Ͻ 0.001). The relative ADF levels of cycles were the opposite direction of NDF (Table 4 , Fig. 2 A) while consistent over the 2 yr, as indicated by the nonsignificant the correlated response in CW-cellulose was in the same cycle ϫ year interaction. Similar to the response in NDF, direction of NDF (Table 4 , Fig. 2 B) . In selection for the response in ADF was more appreciable in the spring low NDF, CW-hemicellulose increased 2.7 g kg Ϫ1 NDF than in the summer or the fall, but linear response to per cycle (P Ͻ 0.01) while CW-cellulose decreased by selection was significant for all three seasons (Table 4) .
2.6 g kg Ϫ1 NDF per cycle (P Ͻ 0.01). In selection for The correlated response in ADL was only evident in high NDF, cycle Cϩ1 was 2.8 g kg Ϫ1 NDF lower (P Ͻ the spring harvest (Table 4 ; Fig. 1 C) : C-3 was 5.5% 0.05) in CW-hemicellulose and 2.7 g kg Ϫ1 NDF higher lower than C0 (29.31 vs. 31.03 g kg Ϫ1 DM, P Ͻ 0.001) (P Ͻ 0.05) in CW-cellulose than the base population although Cϩ1 was similar to C0 (31.29 vs. 31.03 g kg Ϫ1 C0. The pattern of responses in CW-hemicellulose and DM, P Ͼ 0.05). The linear response in ADL was not CW-cellulose to selection for NDF was consistent across all harvests (Table 4 , Fig. 2 A, B) . For CW-lignin, there was no correlated response in the spring harvest (Table  4 ). In the summer and fall harvests, CW-lignin responded in the opposite direction of NDF, increasing 0.3 and 0.4 g kg Ϫ1 NDF per cycle (both P Ͻ 0.01), respectively, as NDF was reduced (Fig. 2 C) .
The parallel responses in ADF and NDF to selection for NDF were reported by Surprenant et al. (1988) and Carpenter and Casler (1990) . The latter also reported a nonsignificant difference in ADL between synthetics selected for low and high NDF. The results from these previous studies and from this study suggest that the genetic correlation between NDF and ADF is high, which is probably a reflection of the fact that ADF constitutes a large portion of NDF, and that the genetic correlation between NDF and ADL is possibly low.
There were no literature reports, to our knowledge, on the correlated responses in cell wall composition due to selection for NDF, as evaluation of populations from selection for NDF generally did not include cell-wall based traits (Surprenant et al., 1988; Carpenter and Casler, 1990; Buendgen et al., 1990; Casler, 1999) . This pattern of a reduction in NDF leading to an increase in CW-hemicellulose and a decrease in CW-cellulose suggests that in the base population of this experiment (WB-RP 1 ), NDF concentration is negatively correlated with CW-hemicellulose and positively correlated with CW-cellulose. Even though this pattern may or may not hold for all populations in all forage species, the composition of NDF should be investigated following selection for NDF concentration, because changes in NDF composition may affect NDF digestibility.
Correlated Response in Dry Matter Yield and Inbreeding Depression
Linear response in dry matter yield to selection for NDF was significant (P Ͻ 0.001) for the low-NDF direction when averaged over all harvests in the 2 yr (Table  4) . Dry matter yield was lower for cycles with lower NDF, dropping from 200 g plant Ϫ1 in C0 to 180 g plant Ϫ1 in C-3 (P Ͻ 0.001); however, if Cϩ1 is included, the the high-NDF directions. If we recall that Cϩ1 had the highest inbreeding coefficient of all cycles, the most low-NDF direction was nonsignificant (Table 5 ). The reasonable explanation to low yield in Cϩ1 is inbreeding disease severities of C-3 and C0 were not significantly depression. However, the contrast testing the linear different ( Fig. 3 A, B) for any of the five assessments. trend of cycles with respect to inbreeding coefficients Plants of Cϩ1 expressed severe symptoms in the sumwas not significant (P ϭ 0.072) even though the overall mer and the fall of 1995, causing the contrast testing test for differences among cycles was significant (P ϭ overall linear response to selection for NDF to be signifi-0.006), suggesting that inbreeding alone cannot explain cant for those two harvests in 1995 (P Ͻ 0.05 and P Ͻ all the variation in yield of cycles. In the low-NDF direc-0.001, respectively). We had suspected that low CWtion, a likely explanation is that inbreeding depression lignin might be responsible for the high disease severity and genetic correlation between NDF and yield acted of Cϩ1 in the summer and fall harvests of 1995 because synergistically to cause the yield to go down. In the Cϩ1 had significantly lower (P Ͻ 0.05) CW-lignin than high-NDF direction, the explanation is that inbreeding all other cycles for those two assessments (data not depression and genetic correlation between NDF and shown). Yet Cϩ1 also had significantly lower (P Ͻ 0.05) yield were counteractive.
CW-lignin than all other cycles for the summer and fall In reed canarygrass, Surprenant et al. (1988) found harvests of 1996 (data not shown), for which we did not that the low-NDF groups had lower yield per plant than observe a significantly higher disease severity on Cϩ1. the high-NDF groups in the spring, but did not differ Interestingly, Cϩ1 happened to be the cycle with the from the high-NDF groups in the summer or the fall.
highest inbreeding coefficient. In smooth bromegrass, Carpenter and Casler (1990) did Breese and Davies (1970) found higher susceptibility not find a significant difference in sward dry matter to crown rust infection for the families with higher water yield between low-and high-NDF synthetics. Both Sursoluble carbohydrate (WSC) in perennial ryegrass. If prenant et al. (1988) and Carpenter and Casler (1990) WSC can be interpreted roughly as the complement of compared low-and high-NDF populations at similar NDF, then the results from the two harvests of 1995 inbreeding levels, thus their results were not affected are just the opposite of Breese and Davies (1970) . The by inbreeding. From this study, it appears that both results for the two harvests of 1995 are in agreement inbreeding and genetic correlation between NDF and with Karn et al. (1989) , who found that intermediate dry matter yield contributed to the differences among wheatgrass strains resistant to foliar diseases had lower cycles from recurrent selection for NDF, the trend being NDF than susceptible strains when diseases were presthat either reduced NDF or increased inbreeding could ent. The results for the three harvests in 1996 supported cause reduced yield. Oberheim et al. (1987) , who reported in orchardgrass that three cycles of selection for resistance to purple
Correlated Response in Disease Resistance
leaf spot did not change NDF, although very little purple There was no evidence that selection for low NDF leaf spot occurred in their evaluation. Overall, there was not strong evidence from this study to suggest that modified disease reaction, as the linear response in the low NDF and disease susceptibility are necessarily correlated. ter and Casler (1990) found no variation for maturity in their base population of selection. variation in either growth stage or number of heads per se in smooth bromegrass, and selection for low NDF The trend of heading index for the summer and fall harvests was quite different from that for the spring could lead to either late maturity or reduced number of heads for the spring harvest. Given that forage plants harvest. It appears that the association between lower NDF and lower heading index held for Cϩ1, C0, and at a more advanced growth stage are usually higher in NDF, a change in growth stage possibly contributed to C-1 while the higher inbreeding coefficient of C-2 and C-3 was associated with more heads (Fig. 3 C, D) . the change in NDF among selection cycles. We would not attribute all the change in NDF in the spring harvest Smooth bromegrass has little genetic variation for timing of reproductive maturity in the spring, probably to change in growth stage because the "match" between the curve of heading index over cycles and the curve due to its photoperiod sensitivity. Carpenter and Casler (1990) found no variation for maturity in their base (line) of NDF over cycles does not warrant it. In reed canarygrass, Surprenant et al. (1988) did attribute the population of selection. However, the result of this study, which used a different base population from Carchange in NDF for spring harvest to a change in growth stage. Further study is needed to determine whether penter and Casler (1990) , suggests that there is some
Correlated Response in Heading Index

